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It is well established that acidification within the collecting
duct system is effected by means of a sodium-independent,
electrogenic proton translocating ATPase [11. This proton pump
belongs to a new class of proton pumps, termed vacuolar,
which encompasses a group of very closely related enzymes
that are widespread in distribution. Indeed, the vast majority of
enzymatic activity relevant to these pumps in mammalian
systems is extrarenal, and vacuolar proton pumps have been
localized to most intracellular organelles, including clathrin
coated vesicles, endosomes, lysosomes, synaptic vesicles,
chromaffin granules, and endoplasmic reticulum [2—4]. Plasma
membrane localizations, in addition to the kidney, have been
reported in osteoclasts [5] and macrophages [6].
Much of our knowledge of the structure and function of
vacuolar proton pumps is derived from investigations in tissues
other than the kidney. This is due, in large part, to the difficulty
in isolating the enzyme from renal microsomes. Nonetheless, it
has become apparent that the putative isoforms of vacuolar and
proton translocating ATPase are intensely related and thus
extrapolations from investigations of pump function conducted
in extra-renal membranes are likely pertinent to the issue of the
structure and function of the renal proton pump.
From such studies, a rather crude structural overview of the
vacuolar proton pump has emerged over the past several years.
Agreement has been reached among various groups of investi-
gators that these pumps are large hetero-oligomers [4]. Initial
reports of putative subunit composition ranged from three to
more than 15 [7—12]. At present, there is an emerging consensus
that eight to nine different polypeptides are present in most, if
not all vacuolar proton translocating ATPases. For a number of
subunits, function has been at least tentatively ascribed, and
primary structure is known for six of the subunits.
In this review, data from studies conducted with widely
divergent membrane preparations have been assembled to
present a working model of pump function. In addition, issues
relevant to the enzymatic regulation of pump function are
discussed.
General properties of proton pumps
Proton translocating ATPases are of three general types.
Plasma membrane, or P-type, proton pumps are exemplified by
the H K ATPase of gastric mucosa [13, 14] and the H
ATPase of Neurospora [15]. As shown in Table 1, these pumps
have a relatively simple structure consisting of a single catalytic
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subunit, and, in the case of the H, K ATPase, a second
subunit (/3) of unknown function. A second class of proton
pumps are designated F-type H ATPases and are exemplified
by the ATPase/ATP synthetases of mitochondria, chloroplasts,
and bacterial membranes. These proton pumps are composed of
a complex assembly of polypeptides, some of which are in-
tramembranous and others of which are peripheral. The desig-
nation "F" derives from early characterizations of these pumps
which revealed that the holoenzyme could be dissociated to
yield factors (that is, F1, F6, F0) which could be reassembled to
yield a fully operational complex [161.
The third classification of proton pumps, the vacuolar, or
V-type pumps, are widely distributed in intracellular organelles,
where they serve an array of functions, ranging from the
processing of endocytosed receptor-ligand complexes (endo-
somes) to energization of neurotransmitter storage (chromaffin
granules and synaptic vesicles). In addition of course, these
pumps are responsible for urinary acidification, predominantly
in the distal nephron. Much attention has been focused upon the
structure of these pumps. As is discussed below, these H
ATPases are complex hetero-oligomers with significant resem-
blance to F-type ATPases.
Irrespective of subunit composition, ion translocating AT-
Pases must have sufficient structure to carry out three interre-
lated functions. First, a portion of the system must conduct
ATP hydrolysis to energize ion gradient formation. Second, a
transmembranous sector must facilitate the movement of ions
across the membrane, and thus serve to lower the activation
energy for the passage of a charged species across the hydro-
phobic bilayer. Third, it is necessary that a coupling apparatus
transduce the energy released from ATP hydrolysis into a
vectorial force which propels the ion through the conduction
pathway [17, 18].
With plasma membrane (P-type) protein translocating AT-
Pase, all such functions are conducted by one or two polypep-
tides, and thus a given subunit conducts multiple functions,
perhaps through dedicated domains. To date, the proton con-
duction pathway has not been identified in any P-type proton
pump, although considerable evidence does exist regarding the
site of ATP hydrolysis [12]. The F-type proton pumps, of which
the mitochondrial ATPase/synthetase serves as a paradigm, has
undergone sufficient structural and functional characterization
to allow for definition of three discrete sectors which carry out
the three functions outlined above. Unlike the P-type ATPases,
entire subunits are largely dedicated to each of the given
functions (Table 2). A dissociable, extramembranous domain,
termed F1, is responsible for ATP hydrolysis and is composed
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Table 1. Ctassification of proton pumps
Type Localization
Molecular
mass/subunits Inhibitors
P (plasma
membrane)
F (F1 F0)
V (vacuolar)
Gastric mucosa
Neurospora
Collecting duct
Mitochondria
Chloroplasts
Bacterial
membranes
OrgandIes
Plasma membranes
of kidney
= 100 kDa/l-2
=350 kDall I +
500—700 kDaI9
Omeprazole
NEM
Efrapeptin
Azide
Oligomycin
DCCD
NEM
Bafilomycin
DCCD
Table 2. Components of F type ATPase of mitochondria
Copy
Structural domain Subunits number Function
F1 (hydrolytic sector) a
/3
6
3
3
1
1
1
Catalytic center
Catalytic center, binds ATP
Activates a-/3
Coupling factors
F0 (proton pore)
OSCP
F6
a
b
c
I
1
I
2
12 Binds DCCD
of five different subunits, termed a, /3, y, 6, and e [16], which are
respectively represented in a stoichiometry of 3:3:1:1:1. The
proton channel, termed F0, which is responsible for transmem-
branous proton movement, has likewise been resolved and has
been determined to be composed of three subunits, a, b, and c,
which have respective copy numbers of 1, 2, and 12. Finally,
several coupling factors serve to link the components of F1 to
F0, including OSCP (oligomycin-sensitivity conferring protein)
and F6 [19].
Vacuolar proton pumps have likewise undergone partial
resolution of their structure. Although definition at present is
far below that of the F-type proton pumps, sufficient evidence
exists to indicate that this new class of proton pumps has a
general structure not unlike that of F1 F0 type ATPases.
Discussed below are structural and functional domains of the
vacuolar proton pumps.
Vacuolar proton pumps
Holoenzyme structure
Biochemical analysis from numerous laboratories indicate
that vacuolar proton pumps are complex hetero-oligomers
which are actually larger than the mitochondrial ATPase. Most
investigators now place the molecular mass of the holoenzyme
in the range of 500 to 700 kDa [7—121. Several lines of evidence
indicate that the vacuolar proton translocating AlPases consist
of both intra- and extra-membranous domains. First, high
resolution electron micrographs of the ATPase indicate a bul-
bous protrusion from the membrane, reminiscent of the "lolli-
pop" structure of the mitochondrial ATPase [20]. Recently it
has been demonstrated that the sphere is linked to the mem-
brane by a stalk-like structure [21]. Second, labeling of native
Table 3. Proposed subunit composition of the proton pump of
clathrin coated vesicles
Structural domain
Subunits
kDa
Copy
number Function
ATP hydrolytic sector 70
58
40
33
3
3
1
1
Catalytic center, binds ATP
Catalytic center
Activates 70-58
Activates 70-58
Proton pore 17 6 Binds DCCD
Presumed subunits of 116 kDa 1 2 coupling domain
unknown function 38
34
19
1
1
1
clathrin-coated vesicle proton pump with hydrophilic and hy-
drophobic probes has indicated that some subunits of the pump
are extramembranous, (notably the 70 and 58 kDa subunit)
whereas other components (17 and 116 kDa) are transmembra-
nous [22]. Third, it has been found that components of the pump
can be released from the membrane by chaotropic agents, and
by treatment with ATP at 4°C, indicating that these subunits are
peripheral to the membrane [23]. The latter evidence has been
in excellent accord with the labeling studies, indicating that the
70 and 58 kDa components are peripheral. This assumes impor-
tance in light of the observations, discussed below, that these
components are critical to ATP hydrolysis.
ATP hydrolysis domain
Early investigations of the structure of vacuolar ATPases
focused upon labeling of crude membranes and partially puri-
fied enzymes with ATP and/or ATP analogues. Such studies
generally resulted in labeling of the 70 kDa component, leading
to speculation that this subunit was responsible for ATP hydrol-
ysis [7—12]. Further support for this notion came from studies
which utilized subunit specific antibodies; an anti-70 kDa sub-
unit antibody was found to inhibit ATP hydrolysis, whereas an
anti-58 kDa subunit antibody did not [24]. In addition, [14C]
N-ethylmaleimide (NEM), an inhibitor of the pump, was found
to label the 70 kDa component [1], lending further support to
the notion that this component was critical to pump function,
and adding to the contention that the 70 kDa subunit was "the"
catalytic subunit.
Biochemical analysis of the clathrin-coated vesicle proton
pump has revealed that the situation is considerably more
complicated than was originally supposed. Based upon the
premises that all ion translocating ATPases must have at least
three functional domains, and that the large, hetero-oligomeric
structure of the pump might reflect compartmentalization of
specialized functions, our laboratory focused upon the defini-
tion of the catalytic sector by a functional analysis [25].
Specifically, purified proton pump was dissociated into subcom-
plexes by alkaline incubation and by treatment with urea, and
these subcomplexes were resolved by glycerol gradient centrif-
ugation. None of the components isolated were capable of
supporting ATP hydrolysis when tested alone. However, by
performing add-back experiments in which the isolated sub-
complexes were co-incubated, ATP hydrolysis was reconsti-
tuted. In these studies, it was determined that four subunits (70,
58, 40 and 33 kDa) were likely required for ATP hydrolysis [25].
However, it is not envisioned that the actual molecular
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catalytic site spans four subunits. Rather, a working hypothesis
is that the hydrolytic center exists within the interface of the 70
and 58 kDa subunits, and that the 40 and 33 kDa components
serve to activate the reaction site. Several lines of evidence
support this model of the reaction center. Dominant in the
argument is the analogy of this system to the F-type ATPases.
As noted previously, both vacuolar type and mitochondrial
ATPase have large, extramembranous sectors which contain
the ATP binding subunits. Importantly, it has been shown that
no single subunit of the mitochondrial F1 sector can support
ATP hydrolysis, and specifically, the y subunit is required to
activate the catalytic site present at the a-/3 interface [19].
Further similarity exists between these two types of pumps with
respect to the subunit stoichiometry of the putative ATP
hydrolytic sites; F type ATPase has three copies of both a and
f3 per complex, whereas V-type pumps have three copies of
both the 70 and 58 kDa subunits [22]. In this regard, biochem-
ical evidence supports the notion that the 70 and 58 kDa
subunits of V-type ATPases are in direct contact [25]. Perhaps
most convincing is the finding of sequence homology between
the a and /3 subunits of F-type ATPases and the 70 and 58 kDa
subunits of vacuolar proton pumps. Examination of primary
sequence of these four proteins has led to the view that all were
evolved from a single ancestor which underwent gene duplica-
tion, and that F-type and V-type proton ATPases have subse-
quently undergone separate evolutions [26-29]. The preserva-
tion of structure after such an early divergence is a somewhat
general feature of large, multicomponent systems such as
ribosomes.
At present, sequence data exist on both the 40 kDa [30] and
33 kDa [31] subunits; however, examination of the primary
structure is not revealing of function.
In summary, the ATP hydrolytic domain of the vacuolar
proton pump is composed of subunits peripheral to the mem-
brane. No single subunit can support ATP hydrolysis, but
rather, (like the F-type ATPase), several components are nec-
essary to constitute a functional reaction center.
Proton channel domain
As was the case with the ATP hydrolytic domain, early
investigations of vacuolar proton pumps yielded suggestive, but
indirect, evidence that these enzymes had a structurally distinct
sector which was responsible for facilitating the transmembra-
nous movement of protons. In large part, this was based upon
labeling experiments using ['4C] dicyclohexylcarbodiimide
[DCCD] [I]. This reagent has previously been utilized as a
probe for the F-type pump proton channel [32]. As noted above,
the proton channel of this system is composed of three subunits
(a,b, and c). DCCD, a carboxylic acid reactive reagent, inter-
acts with a critical residue in the component of the F-type
ATPase proton pore. Several laboratories reported that DCCD,
(at approximately 100 times the concentration required to block
the F-type proton pump pore) inhibited vacuolar ATPases and
addition of ['4C]DCCD labeled the 17 kDa component of
vacuolar pumps, thus leading to the hypothesis that this subunit
constituted at least part of the proton channel [331.
In order to define this domain, our laboratory used an
approach similar to that employed to define the catalytic sector
of the pump. Namely, the purified enzyme was dissociated (in
this case with toluene) and the organic extract was evaporated
and found to contain the 17 kDa subunit. In order to demon-
strate that this component could function as a pore, the partially
purified extract was reconstituted into liposomes and was found
to catalyze DCCD-sensitive proton movement—results consis-
tent with a pore function [33]. Subsequently, the 17 kDa
component of the chromaffin granule proton pump was cloned
and sequenced, and was found to have sequence homology with
subunit c of the F-type proton pore [34]. Interestingly, the
vacuolar subunit is roughly double the size of the F-type
component and has four transmembranous sectors, whereas the
latter has only two. It has been determined that there are 6
copies of the vacuolar 17 kDa subunit per proton pump, yielding
24 transmembranous sectors [22]. This parallels the F type
system, which has 12 copies of the C component, again yielding
24 transmembranous sectors [19].
It is not clear at present whether the 17 kDa component can
function alone as a proton pore, in that the resolution of this
subunit is incomplete. We speculate, however, that it is unlikely
that the proton channel of the vacuolar proton pump is com-
prised exclusively of the 17 kDa, DCCD-binding subunit. This
is based upon analogy to the F-type proton pump pore, where it
has been shown that all three components (a,b, and c) are
required to facilitate proton movement [19]. Studies are cur-
rently under way to determine if omeprazole, which blocks the
proton pore of the clathrin coated vesicle proton pump, binds to
the 17 kDa subunit or to another, previously unidentified pore
component [35]. In summary, by reconstitution of proton
conduction it has been demonstrated that the vacuolar proton
pump of clathrin coated vesicles has a structurally dissociable
domain responsible for transmembranous proton movement.
Coupling domain
At present, very little is known about the structural elements
responsible for coupling ATP hydrolysis to proton pumping in
vacuolar proton pumps. It is, however, clear that the purified,
reconstituted proton pump of clathrin coated vesicles can be
uncoupled and recoupled in a reversible manner. In the pres-
ence of Mg2 and ATP, this system is capable of catalyzing
ATP hydrolysis, as well as proton pumping. If, however, Ca2
is substituted for Mg2, the ATPase is largely uncoupled; that
is, ATP hydrolysis, but not proton pumping is observed under
reported conditions. Readdition of Mg2 to the system restores
coupling [25].
Several putative subunits (116, 38, 34 and 19 kDa polypep-
tides) are candidates for the structural element(s) responsible
for the coupling function. In this regard, it has been demon-
strated that selective removal of the 116 kDa and 38 kDa
subunits from the clathrin-coated vesicle proton pump results in
a preparation which is capable of ATP hydrolysis in the
presence of calcium but not magnesium and is incapable of
proton pumping with either divalent cation [25]. We have
focused upon the role of the 116 kDa polypeptide and have
recently cloned and sequenced the cDNA encoding this sub-
unit. By hydropathy plot analysis, this protein has two do-
mains, one composed of multiple transmembranous sectors and
a second, large hydrophilic domain [36]. In theory, this might
agree well with a coupling function in which the hydrophobic
domain interacts with the proton pore, and the hydrophilic
domain interacts with the catalytic sector. Future experiments
are needed to test this proposal.
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Rather critical to the hypothesis that the 116 kDa polypeptide
carries out a coupling function is the question of whether this
subunit is present in all vacuolar proton pumps. At the time
when the first vacuolar proton pump was purified and reconsti-
tuted [7], several laboratories had reported the partial purifica-
tion of V-type ATPases from fungal and plant sources [10—121.
None of these preparations appeared to have a high molecular
weight component and, thus, the 116 kDa polypeptide was
designated as an "accessory" subunit. This view was based
upon the reasoning that if lower organisms possessed functional
pumps which did not have the high molecular weight compo-
nent, then it was unlikely to be requisite for at least minimal
function in any system. In addition, a vacuolar proton pump
prepared from kidney microsomes was also reported to be
deficient in this component [37]. More recently, however, a
very active preparation of vacuolar pump from yeast has been
achieved and this pump does have the 116 kDa polypeptide [38].
The reason for the remaining discrepancies remain unclear.
First, it is possible that there are various forms of the pump in
which the 116 kDa polypeptide is absent. In such a case, it is
unlikely to participate in coupling in any vacuolar pump.
Alternatively, it is possible that the 116 kDa component, which
is extremely protease-sensitive, has been cleaved during puri-
fication. Future experiments are necessary to determine the
role of this polypeptide in pump function, as well as to deter-
mine the structural elements required for coupling ATP hydrol-
ysis to transmembranous proton movement.
Regulation of pump function
Within the nephron, studies have largely been directed
toward definition of the physiological regulation of distal neph-
ron acidification, rather than toward the elucidation of biochem-
ical features which might regulate function of the V-type proton
pumps. As examples, aldosterone is well known to modulate
medullary collecting duct function [39], but there has been no
investigation of the mechanism by which mineralocorticoid
increases proton pumping. Elegant studies have demonstrated
that acid-base status can regulate the insertion and retrieval of
proton pumps into the apical membrane of intercalated cells,
yet it is not clear what governs the directionality of movement,
or even how proton pumps become resident in the tubulo-
vesicular bodies of these cells [401. Description of possible
mechanisms in these events requires a degree of speculation
regarding issues of protein targeting and transcriptional regula-
tion which are beyond the scope of this review.
At the other extreme, clues to the molecular mechanisms of
pump regulation are emerging from biochemical studies of
V-type H ATPases, but the relevance of these observations to
in vivo events often remains to be determined. Certain factors,
however, have been uniformly found to regulate function of
purified V-type proton pumps and it is highly likely that these
are pertinent to in vivo events. Numerous investigators have
found that vacuolar proton pumps are directly activated by
chloride [1, 41, 42], and we have determined that the apparent
Km for this effect is about 5 mm. This raises the possibility that
intracellular chloride activity, as modulated by systemic acid-
base status, might regulate pump function through an allosteric
mechanism. The only exceptions to the finding of chloride
activation was reported in studies conducted with V-type
ATPase purified from renal medulla, where it was found that
100 mm chloride had no effect on pump activation [37]. Whether
this relates to intrinsic differences in the pump of the kidney or
whether this owes to a relatively high concentration of chloride
used in the study remains to be determined.
All investigators, however, agree that chloride is critical for
proton pumping through a non-allosteric mechanism. Thus, by
example, the clathrin-coated vesicle proton pump operates in
an electrogenic mode and generates an interior positive membrane
potential [431. Charge compensation is achieved by movement of
chloride through a chloride channel, which operates in parallel
with the proton pump. Attention has focused upon the possibility
that regulation of this chloride channel could account for alteration
of pump function through an indirect mechanism based upon the
observations that inhibition of the chloride channel, or removal of
chloride, ablates acidification. In order to gain insight into this
issue, we have achieved partial purification and reconstitution of
the chloride channel of clathrin coated vesicles, and have begun to
analyze the nature of the interplay of the proton pump and
chloride channel [44]. Other investigators have focused upon the
possible modulation of function of the chloride channel by kinase
mediated phosphorylation [45].
Other potential modulations of physiologic function of the
pump include ADP, and lipids. With respect to the former,
several studies have demonstrated that ADP is a potent alloste-
nc inhibitor of V-type proton pumps [1]. Whether this obser-
vation is relevant to in vivo regulation of the H ATPases,
however, is high conjectural, and as it would seem that alter-
ations in cellular ADP concentration is a rather crude control
mechanism. The lipid composition of the bilayer, however, is a
very likely mechanism by which pump function can be altered,
and it is possible that differences in the lipids of intracellular
organelles account in part for the inter-organelle pH gradients
which have been reported [46]. Supportive of this notion is the
observation that the lipid composition of liposomes into which
the pump is reconstituted radically alters proton pumping [47].
Perhaps the most exciting possibility for the differential
regulation of proton pumps within a given cell lies in the
speculation that there are various isoforms of V-type ATPases.
This question bears centrally on a second issue, namely, if
organelle-specific isoforms of V-type proton pumps do exist,
how is differential targeting achieved? Given the extreme
phylogenetic conservations of the primary subunit structure of
V-type proton pumps, it would seem reasonable to predict that
domains changes responsible for differential targeting would be
subtle. If so, this would provide a unique system to determine
what structural elements are responsible for the targeting of a
given protein to its destined organelle. At present, however,
convincing evidence of pump heterogeneity of this order is
lacking and it is not clear whether true functional differences
exist among the V-type pumps of various organelles.
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